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Lepton flavor violating decays of the Higgs boson h could appear in scenarios beyond the Standard
Model of particle physics. In this article, we study the sensitivity of a future Compact Linear Collider,
operating in eþe− collisions, to such processes, namely, h → eμ, h → τμ, and h → eτ. In the absence of
any observation, 95% CL upper limits in the region of 10−4 to 10−5 could be placed on the branching
fractions of these processes, assuming integrated luminosities of 4 ab−1 at

ffiffiffi

s
p ¼ 1.4 TeV and 5 ab−1 at

ffiffiffi

s
p ¼ 3 TeV.

DOI: 10.1103/ym6v-19b2

I. INTRODUCTION

One of the primary objectives in contemporary particle
physics is to explore phenomena beyond the Standard
Model (BSM). The discovery of a scalar Higgs boson h at
the LHC [1,2] has offered significant insights into the
mechanism of electroweak symmetry breaking [3–5],
thereby opening new avenues for investigating BSM
physics within the Higgs sector.
The Standard Model (SM) of particle physics forbids

lepton flavor violation (LFV) at tree level. Such processes
can only occur via loop-level contributions involving
neutrinos, resulting in extremely small branching ratios.
In particular, LFV Higgs decays, such as h → τμ, h → τe,
and h → eμ, are suppressed by the tiny neutrino masses,
rendering them far below any conceivable experimental
sensitivity. Consequently, the observation of any Higgs
boson decays into two leptons with different flavors would
be a clear indication of new physics.
While neutrino oscillations demonstrate that lepton flavor

is not strictly conserved, there is no LFV at a single
interaction vertex. The observed violation in the neutrino
sector hints that other sources of LFV could exist, including
in the charged lepton sector. Such decays naturally arise in
various extensions of the SM, including models with
multiple Higgs doublets [6–10], composite Higgs
models [11,12], models with flavor symmetries [13],
warped extra dimensions [12,14,15], and other theoretical

frameworks [16,17]. Previous hints of deviations from
lepton universality in rare B-meson decays observed by
BABAR and Large Hadron Collider (LHC) b [18–20]
have motivated models of new physics that also predict
LFV processes, including LFV decays of the Higgs boson
[21–23]. While recent LHCb measurements [24,25] show
consistency with SM expectations, the theoretical interest in
LFV signatures remains strong, particularly given the
enhanced sensitivity of future lepton colliders such as
CLIC,which is designed to operate in eþe− collisions at
center-of-mass energies ranging from a few hundred GeV to
multi-TeV scales.
The ATLAS and CMS experiments at the LHC have

searched for LFV Higgs decays. The most stringent
95% confidence level (CL) limits are BRðh → τμÞ <
0.0018 (ATLAS) and 0.0015 (CMS), and BRðh → τeÞ <
0.002 (ATLAS) and 0.0022 (CMS) [26,27]. The h → eμ
decay has been probed only by ATLAS, with BRðh →
eμÞ < 6.1 × 10−5 at 95% CL [28]. All results are based on
ffiffiffi

s
p ¼ 13 TeV pp collisions corresponding to an integrated
luminosity of about 139 fb−1.
Future lepton colliders provide an excellent environment

to search for LFV Higgs boson decays. An earlier phenom-
enological study evaluated the sensitivity to the h → eμ,
h → τμ, and h → eτ channels at the CEPC, FCC-ee, and
ILC [29]. More recently, the projected sensitivity of the
FCC-ee to the same channels at

ffiffiffi

s
p ¼ 240 GeV was

investigated [30], providing a complementary assessment
to the CLIC projections presented in this work.
The most stringent indirect constraint on the h → eμ

decay arises from searches for μ → eγ decays [31], yielding
a bound of BRðh → eμÞ ≤ Oð10−8Þ [32,33].
In this study, we investigate the potential sensitivity

of the CLIC facility to LFV Higgs boson decays at both
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ffiffiffi

s
p ¼ 1.4 TeV and

ffiffiffi

s
p ¼ 3 TeV energy stages. The initial

CLIC operation at
ffiffiffi

s
p ¼ 380 GeV is not considered

because the Higgs production rate at this energy, dominated
by the Higgsstrahlung process (eþe− → ZH), is signifi-
cantly smaller than at the higher-energy stages, where
Higgs production viaWW fusion (eþe− → hνν̄) dominates,
as illustrated in Fig. 1. Consequently, the expected sensi-
tivity to these rare decays is substantially reduced
at

ffiffiffi

s
p ¼ 380 GeV.

II. THE COMPACT LINEAR COLLIDER (CLIC)

To maximize its physics potential, the CLIC accelerator
technology itself presents conditions that are challenging for
an experiment. The detector concepts required for the precise
reconstruction of complex final states are designed to address
these and to operate across a wide range of collision energies.
The accelerator will provide high-luminosity collisions at
center-of-mass energies of 380 GeV, 1.4 TeV, and 3 TeV [35]
with corresponding integrated luminosities of1 ab−1, 4 ab−1,
and 5 ab−1, respectively [36,37].
The accelerator is based on an innovative two-beam

acceleration scheme, in which normal-conducting high-
gradient 12 GHz X-band accelerating structures are pow-
ered via a high-current drive beam [38]. This enables a
compact and cost-effective accelerator complex, with a site
length ranging between 11 and 50 km.
The accelerator complex is accompanied by a multipur-

pose detector system. The CLIC_ILD detector concept,
used for the study described here, is adaptated from the
International Large Detector (ILD) detector concept [39] that
was developed for the International Linear Collider (ILC).
The inner part of the CLIC_ILD detector consists of a

central gaseous time projection chamber (TPC) for

tracking, enclosing an ultrathin silicon-pixel vertex detec-
tor. In addition, the TPC is surrounded by a silicon strip
detector envelope. These provide excellent charged particle
momentum resolution and impact parameter resolution,
crucial for a precise vertex reconstruction and flavor
tagging.
The vertex and tracking systems are surrounded by a

highly granular sampling calorimetry system, composed of
an electromagnetic and a hadronic calorimeter (HCAL),
optimized for particle flow reconstruction. The expected
jet-energy resolution, for isolated central light-quarks
jets with energy in the range from 100 GeV to 1 TeV, is
σE=E≲ 3.5% [40]. A strong solenoidal magnet located
outside the HCAL provides a 4 T magnetic field. The
magnetic flux return is contained in a large iron yoke
instrumented with detectors for muons identification.
Dedicated calorimeters in the very forward region are used
for luminosity measurements and extended coverage for
electrons and photons. The detector layout is shown in
Fig. 2, for details see [41].
The beam and bunch structure of CLIC consists of bunch

trains of 312 bunches, separated from each other by 0.5 ns,
with a bunch train repetition frequency of 50 Hz. High
luminosity is achieved by ultra-low beam emittance and
hence highly focused and intense electron and positron
beams at the interaction point. This generates significant
beamstrahlung radiation between colliding bunches [41],
an effect that is considered in this study.

III. EVENT SIMULATION, BACKGROUND
PROCESSES, AND RECONSTRUCTION

The signal and main physics background processes were
generated using the WHIZARD 1.95 [42] package. The
expected energy spectra of the CLIC beams for

ffiffiffi

s
p ¼

1.4 and 3 TeV were used for the initial-state electrons and
positrons. It was found in previous studies of the h → μþμ−
and h → τþτ− final states [34,41] that backgrounds from

FIG. 1. Cross section as a function of center-of-mass energy for
the main Higgs production processes at an eþe− collider for a
Higgs mass of mh ¼ 126 GeV [34]. The values shown corre-
spond to unpolaried beams and do not include the effect of
beamstrahlung.

FIG. 2. Longitudinal cross section of the top right quadrant of
the CLIC_ILD detector concept [41].
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eþe− interactions represent the largest backgrounds after
typical event selections. For this reason, processes with
hard photons in the initial state were neglected in the
studies presented in this paper. Initial-state radiation (ISR)
was parametrized by the leading logarithmic approximation
structure function including hard collinear photons up to
the third order [43]. For consistency with other CLIC
physics studies, a Higgs boson mass of 126 GeV
was assumed [34–36]. The fragmentation and hadroniza-
tion steps were simulated using PYTHIA 6.4 [44] using
parameters tuned to OPAL data [45] as described in [41].
The Higgs boson decays were also generated using
PYTHIA and have been added to its decay table. Finally,
tau-lepton decays were generated with the TAUOLA pack-
age [46].
The samples used in this study assume unpolarized

beams. The current CLIC baseline [47] assumes 80% of
data taken with −80% electron polarization and 20% of
data taken with þ20% electron polarization. The overall
enhancement of single Higgs production in WW fusion is
1.48 with respect to the unpolarized case (compared to 1.8
for a pure −80% electron polarization [34]). A similar
improvement may be expected for the LFV signal, although
a quantitative estimate would require polarized signal and
background samples.
The detector simulation and event reconstruction chain

was carried out using the CLIC_ILD detector model [41].
The performance of this CLIC_ILD detector is very similar
to the newer model, for details see [48]. Pile-up from γγ →
hadrons interactions was overlaid to the physics events.
Event reconstruction is performed using the MARLIN soft-
ware package [49], while Pandora PFA [50,51] is used for
calorimeter clustering and particle flow reconstruction,
creating a collection of so-called particle-flow objects
(PFOs). The signal samples correspond to the Higgs boson
production process ee → hνν, followed by the LFV decays
h → eμ, h → τμ, and h → eτ. The dominant background
processes are electroweak four-fermion production,
ee → ll0νν, where l;l0 ¼ e, μ, τ, including both same-
and different-flavor charged-lepton final states, and had-
ronic production, ee → qqνν. The latter contributes pri-
marily to the channels containing a reconstructed τ lepton
through the misidentification of hadronic jets as τ-lepton
candidates. The impact of this background is quantified by
the TauFinder fake-rate study presented in Sec. IV.2.1. The
signal and background samples considered in this study are
summarized in Table 1.
A right-handed coordinate system is used, with the origin

at the nominal interaction point. The z axis is defined along
the electron beam direction, the x axis points horizontally,
and the y axis points vertically upward. The polar angle θ is
measured from the þz axis, and the azimuthal angle ϕ is
measured around the beam axis from the þx axis. This
convention corresponds to the coordinate system used in
the detector simulation and analysis.

IV. LEPTON FLAVOR VIOLATING HIGGS
DECAYS

We investigated the sensitivity of CLIC to LFV Higgs
decays, focusing on the three possible decay channels:
h → eμ and two inclusive τ leptonic modes h → τμ and
h → eτ. The variables used for the analyses are defined as
follows:

(i) mll0 : The invariant mass of the dilepton system. In
final states containing electrons, Bremsstrahlung
photons were incorporated into the invariant mass
calculation.

(ii) jΔθll0 j: The absolute value of the difference
between the polar angles (θ) of the leptons.

(iii) jΔϕll0 j: The absolute value of the difference
between the azimuthal angles, ϕ of the leptons.

(iv) cos θ�: The cosine of the helicity angle1 of the
dilepton system.

(v) βll0 : The boost of the dilepton system in the
lab frame.

(vi) Evis: The visible energy in the event.
(vii) Erest: The sum of the energies of the event without

the dilepton system.
(viii) θmiss: The polar angle of the missing momentum

vector.

A. h → eμ decay channel

This final state is the cleanest, as both final state particles
are stable. In the ee → hνν production process, the h → eμ
decay is identified by an electron-muon pair with opposite
charges that is consistent with the Higgs boson mass and
accompanied by missing momentum. The excellent
momentum resolution of the detector enables high back-
ground rejection and signal selection efficiency. Signal and
background events were reconstructed as described

TABLE I. Signal and background processes considered. The
signal cross sections are computed assuming BRðh → ll0Þ ¼ 1,
where q represents any quark other than t and l, l0 can be any pair
of lepton species, where the minimum mass of charged lepton
pairs generated is 50 GeV and mh ¼ 126 GeV.

σ (fb)

Process
ffiffiffi

s
p ¼ 1.4 TeV

ffiffiffi

s
p ¼ 3.0 TeV

ee → hνν; h → eμ 244.0 415.1
ee → hνν; h → eτ 244.0 415.1
ee → hνν; h → μτ 244.0 415.1
ee → ll0νν 978.5 946.5
ee → qqνν 787.7 1318

1The helicity angle θ� is defined as the angle between the
momentum of one lepton in the dilepton rest frame and the boost
direction of the dilepton system.
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in Sec. III. The primary background processes are ee →
ll0νν with l ¼ e or μ, as listed in Table I.
The event selection criteria require two reconstructed

leptons of opposite charge and different flavors (e, μ).
Additionally, an electron energy threshold of Ee > 8 GeV
was applied to avoid poorly reconstructed electrons, as
those below this energy fall outside the detector’s accep-
tance. For 1.4 TeV collisions, the cuts jΔθeμj < 2.5 rad,
cos θ� > −0.8 and Evis < 800 GeV were applied. As an
example, Figs. 3 and 4 show four representative distribu-
tions for this channel at

ffiffiffi

s
p ¼ 1.4 TeV. In Fig. 4, the

vertical green line indicates the value of the preselection cut
applied in the analysis. Figure 3(a) compares the invariant
mass distribution of the dilepton system. The small tail
observed on the left side of this distribution originates
mainly from bremsstrahlung photons that could not be fully
recovered. In Fig. 3(b), we show the distribution of the
opening-angle difference Δθeμ between the leptons of
the system. The background exhibits the expected behav-
iour for multibody electroweak processes, with a large

population at small angular separations and a steep falloff
toward Δθ ≃ π. Signal events, coming from a two-body
Higgs decay, also populate a wide range of angles but
remain subdominant across the full spectrum, as expected.
Figure 4(a) shows the distribution of the visible energy Evis
of the events. Signal events exhibit a peak at moderate
visible energies, consistent with the kinematics of h → eμ
decays at this center-of-mass energy. Background events, in
contrast, populate a much broader range and develop a long
high-energy tail, also as expected. Figure 4(b) shows the
distribution of the cosine of the helicity angle of the
dilepton system, cos θ�. Signal events, originating from
the decay of a Higgs boson, display a nearly flat distribu-
tion, consistent with an isotropic decay in the Higgs rest
frame. Background events feature a strong enhancement at
large negative values of cos θ�, characteristic of t-channel
dominated electroweak processes. Both behaviors are
consistent with expectations for signal and background.
For 3 TeV collisions, the cuts βeμ < 0.95 and

cos θ� > −0.95 were used. In Fig. 5(a), we show the boost

FIG. 3. (a) Invariant mass distribution and (b) the difference between the angles of the particles of the dilepton system eμ for signal and
background at 1.4 TeV and assuming integrated luminosity of L ¼ 4. The green line represents the cut applied on the variable.

FIG. 4. (a) Visible energy distribution of the events and (b) the cosine of the helicity angle of the dilepton system eμ for signal and
background at 1.4 TeV and assuming integrated luminosity of L ¼ 4 ab−1. The green line represents the cut applied on the variable.
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distribution of the eμ dilepton system in the laboratory
frame, βeμ. The background shows a more pronounced rise
at small and large βeμ, while the signal tends to higher
values in this region. In Fig. 5(b), we show the distribution
of the helicity angle of the dilepton system, expressed as
cos θ�, which displays the same qualitative behavior as
at

ffiffiffi

s
p ¼ 1.4 TeV.
This set of preselection cuts was applied to suppress the

dominant backgrounds, designed to reject events with
poorly reconstructed objects or soft leptons, while main-
taining high signal efficiency. At 1.4 TeV, the most effective
cut is over cos θ�, which removes over half of the back-
ground while retaining more than 90% of the signal, since
extreme backward configurations (where one lepton has
low momentum/energy in the laboratory frame) are more
common in background. Additional requirements on Δθeμ
and Evis, provide further suppression of widely separated or
high-activity events, with negligible impact on the signal.
At 3 TeV, the βeμ cut is most powerful, removing about
42% of the background (at some signal cost) since the
Higgs will be highly boosted, while cos θ� selection further
suppresses extreme backward configurations. After all cuts,
87.4% of the signal events remain, and the background is
reduced to 15.1% at 1.4 TeV, while 57.9% of the signal
events remain, and the background is reduced to 7.0% for

the 3 TeV sample. An overview of the selection cut results
is summarized in Tables II and III.
The final event selection employs a boosted decision tree

(BDT) classifier [52] using a subset of the kinematic
variables introduced previously. Several kinematic observ-
ables, including Δθeμ, cos θ�, and βeμ, are used both in the
preselection and as input variables to the BDT. The
preselection applies relatively loose requirements to reject
events in background-dominated regions of phase space
while maintaining a high signal efficiency. The BDT
subsequently exploits the residual discriminating power
of these variables, together with their correlations with
the other kinematic observables, to achieve optimal sig-
nal-background separation. At 1.4 TeV, those used are:meμ,
jΔθeμj, jΔϕeμj, βeμ, cos θ� and Evis. At 3 TeV, the selected
variables are:meμ, jΔθeμj, jΔϕeμj, βeμ, cos θ�,Erest and θmiss.
In selecting these variables, we examined the correlation
matrices and ensured that no pair exhibited a correlation
greater than 73% in either the signal or background samples,
for the two energy stages. In addition, the Higgs bosonmass
will be precisely determined from other channels at the HL-
LHC and at CLIC, allowing the signal Monte Carl samples
to be tuned reliably. Consequently, the correlation between
the dilepton invariant mass and the BDT response does not
affect the robustness of this analysis. The resulting BDT
output distribution and the receiver operating curve (ROC)
are shown in Figs. 6(a) and 6(b) at 1.4 TeV, as an example.

FIG. 5. (a) Boost of the dilepton system in the lab frame and (b) the cosine of the helicity angle of the eμ dilepton system for signal and
background at 3 TeV, assuming an integrated luminosity of L ¼ 5 ab−1. The green line represents the cut applied on the variable.

TABLE II. Number of simulated signal and background events
surviving the event selection (“Events”) at

ffiffiffi

s
p ¼ 1.4 TeV,

together with the corresponding expected event yields (“Exp.
Events”) for an integrated luminosity of L ¼ 4 ab−1 and assum-
ing a branching ratio of 1. The quoted uncertainties are statistical
only and originate from the finite size of the simulated samples.

Process Events Efficiency Exp. Events

ee → hνν ðh → eμÞ 9.9k 95.8% 935 k � 9 k
ee → ll0νν 1.57M 41.7% 1.67 M� 2 k

TABLE III. Number of events in the signal and background
samples at 3 TeV. The expected signal yield is computed
assuming a branching ratio of 1. All numbers are normalized
to an integrated luminosity of L ¼ 5 ab−1. The notation is the
same as in Table II.

Process Events Efficiency Exp. Events

ee → hνν ðh → eμÞ 9.9k 40.1% 832 k � 2 k
ee → ll0νν 1.55M 34.9% 1.68 M� 18 k
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High background rejection and good signal efficiency are
obtained for both energy schemes, since the area under the
ROC has a value of 0.989 at 1.4 TeV and 0.994 at 3 TeV.
The BDT score distribution is compared with the back-

ground-only BDT score distribution to derive the expected
limit on BRðh → eμÞ. Applying the asymptotic approxi-
mation of the CLs method [53], the expected 95% CL upper
limit, assuming no signal is observed, for an integrated
luminosity of 4 ab−1 at

ffiffiffi

s
p ¼ 1.4 TeV without electron

beam polarization, is

BRðh → eμÞ < 6.22 × 10−5:

Similarly, the equivalent expected 95% CL limit at a
luminosity of 5 ab−1 at

ffiffiffi

s
p ¼ 3 TeV, is

BRðh → eμÞ < 1.42 × 10−5:

Background normalization uncertainties have a negligible
impact on the expected limits, with changes below 0.04%

for uncertainties up to 5% at both energy stages. The
corresponding expected 5σ discovery reach is BRðH →
eμÞ ¼ 2.24 × 10−4 at 1.4 TeV and 1.51 × 10−4 at 3 TeV.
Figure 7 presents the CLs scan for various branching

ratio values at 1.4 TeV, as an example. The p-values shown
correspond to the values obtained for different assumed
branching ratios at

ffiffiffi

s
p ¼ 1.4 TeV using the CLs scan

method. For a given assumed signal branching ratio, it
quantifies the level of compatibility of the observed data
with the signal-plus-background hypothesis relative to the
background-only hypothesis. Smaller p values therefore
indicate a stronger exclusion of the corresponding signal
hypothesis. The red horizontal line indicates the p-value
threshold corresponding to CLs ¼ 0.05, which defines the
95% CL exclusion. The intersection of the observed
(expected) CLs curve with this line determines the observed
(expected) upper limit on the branching ratio. These results
indicate that CLIC at 1.4 TeV could achieve similar
sensitivity to that reported by the ATLAS experiment
[28], increasing to a factor of 4.5 times at 3 TeV.2

B. h → τl decays and τ reconstruction

We will present results for both channels where l
represents either electrons or muons. To proceed, we will
first provide a description of the τ-lepton reconstruction
process.

1. τ-lepton reconstruction using TauFinder

The reconstruction of τ leptons is carried out using the
TauFinder reconstruction tool [54], which employs a
seeded cone-based jet clustering algorithm. The algorithm

FIG. 6. (a) BDT response distribution for signal and background samples for the h → eμ channel at 1.4 TeV. The Kolmogorov-
Smirnov test results for the signal and background are 0.957 and 0.446, respectively, and (b) ROC showing signal efficiency vs
background rejection for the BDT at 1.4 TeV. The area under the curve has a value of 0.989.

FIG. 7. Asymptotic CLs scan for the branching ratio BRðh →
eμÞ at ffiffiffi

s
p ¼ 1.4 TeV. The green and yellow bands represent the

expected �1σ and �2σ variations, respectively, around the
median expected CLs under the background-only hypothesis.

2The ATLAS and CMS limits are obtained from a full
experimental analysis including detailed background modeling
and systematic uncertainties [26–28], whereas our CLIC study is
phenomenological and does not incorporate the full range of
detector-related effects. The comparison, in all the channels,
should thus be regarded as indicative rather than directly
comparable.
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reconstructs hadronically decaying τ-lepton candidates
from their visible decay products, providing the four-
momentum (energy and momentum) and electric charge
of each τ-lepton candidate. These reconstructed quantities
are used throughout the subsequent event selection. This
approach depends on specific steering parameters, includ-
ing the opening angles for the search and isolation cones,
and has been optimized for the τ lepton signature relevant
to our analysis. In this study, a parameter scan was
performed on events containing quarks (ee → qqνν) to
evaluate the fake rate, where a quark jet could be mis-
identified as a τ jet. The final parameters selected for τ
lepton reconstruction at 1.4 TeV are as follows:

(i) Minimum pT to enter reconstruction: 1 GeV
(ii) Minimum pT for τ seed: 5 GeV
(iii) Maximum invariant mass of the τ candidate:

2.5 GeV
(iv) Opening angle of search cone: 0.07 rad
(v) Opening angle of isolation cone (relative to search

cone): 0.3 rad
(vi) Maximum energy allowed in isolation cone: 5 GeV
In addition, further cuts to the τ candidate where applied

to reduce the fake rate of the tau reconstruction,
(i) pT > 19 GeV for 1.4 TeV and pT > 35 GeV

for 3 TeV.
(ii) 16o < jθτj < 38o and 42o < jθτj < 89o for both

energy stages.
At 1.4 TeV, we successfully reconstructed 39.07% of the

τ leptons in the h → τe signal sample, 36.90% in the
h → τμ sample, and 32.12% in the ee → ll0νν back-
ground. The fake rate from the ee → qqνν sample is only
3.42%.
At 3 TeV, the reconstruction efficiency is 24.03%

for the h → τe signal, 23.45% for h → τμ, and 21.38%
for the ee → ll0νν background, while the fake rate from
ee → qqνν remains low at 1.51%.
The ee → qqνν fake rates are inclusive over (q ¼ u; d;

s; c; b). To investigate the jet-to-tau misidentification rate,

we examined the generator-level ancestry of the particles
seeding the fake tau-jet candidates. At both energies,
approximately 55% and 23% of the fake rate originate
from light- and strange-hadron activity, respectively. This is
physically expected, as their fragmentation can more
readily mimic the narrow, low-track-multiplicity signature
of hadronic tau decays. Contributions from direct frag-
mentation and heavy-flavor hadrons are smaller, with a
negligible bottom-hadron component.
A summary of the results obtained in the τ reconstruction

stage can be found in Table IV.

2. h → τμ decay channel

The main challenge for this channel lies in the rapid
decay of τ leptons into leptons and quarks, requiring
reconstruction through these decay products. This section
describes the steps for reconstructing events with one muon
and one τ lepton from PFOs.
After τ lepton reconstruction, the event selection requires

two reconstructed, oppositely charged leptons of different
flavors (τ, μ). For

ffiffiffi

s
p ¼ 1.4 TeV collisions, a further

requirement of jΔθτμj < 2.43 rad was imposed. As an
example, Fig. 8(a) shows the distribution of the invariant
mass of the dilepton system for the signal compared to the
background considered in this channel. As can be seen, the
reconstructed distribution exhibits a peak at the Higgs

TABLE IV. Selection efficiencies of the TauFinder algorithm
for reconstructing τ-lepton candidates, together with the corre-
sponding inclusive fake rates obtained from the (ee → qqνν)
sample, where (q ¼ u; d; s; c; b), for the different signal and
background channels at

ffiffiffi

s
p ¼ 1.4 and 3 TeV.

Energy stage
(

ffiffiffi

s
p

)
Eff.

h → τe
Eff.

h → τμ
Eff.

ee → ll0νν
Fake rate
ee → qqνν

1.4 TeV 39.07% 36.9% 32.12% 3.42%
3 TeV 24.03% 23.45% 21.38% 1.51%

FIG. 8. (a) Invariant mass distribution of the dilepton system, mτμ, and (b) distribution of the polar angle difference between the two
leptons, Δθτμ, for events at

ffiffiffi

s
p ¼ 1.4 TeV.
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boson mass, with reduced resolution compared to the
previous channels due mainly to the presence of neutrinos
in the tau lepton decays. Figure 8(b) presents the difference
in polar angle Δθτμ at 1.4 TeV, which shows a behavior
similar to the previous channel.
Similarly, for

ffiffiffi

s
p ¼ 3 TeV, additional requirements of

jΔϕτμj < 3.0 rad and cos θ� > −0.9 were used, as shown in
Figs. 9(a) and 9(b). The same criteria as before were used to
maintain high signal efficiency. At 1.4 TeV, the dominant
requirement is on Δθτμ, which removes about 12% of the
background while leaving the signal essentially unaffected.
This exploits the fact that background processes tend to
produce leptons in nearly back-to-back topologies, whereas
signal events from h → τμ do not. At 3 TeV, the boosted
kinematic enhances the role of azimuthal correlations. The
cut on Δϕτμ rejects nearly a quarter of the background by
suppressing planar back-to-back configurations typical of
two-fermion and diboson processes, while the helicity angle
selection cos θ� > −0.9 removes additional extreme back-
ward configurations. After all cuts, 34.9%of the signal events
remain, and the background is reduced to 1.08% at 1.4 TeV,
while 21.1% of the signal events remain, and the background
is reduced to 0.29% for the 3 TeV sample. An overview of the
selection cut results is summarized in Tables V and VI.
The final event selection also employs a BDT

classifier [52] utilizing the following kinematic variables.
At 1.4 TeV are mτμ, jΔθτμj, jΔϕτμj, cos θ� and θmiss; At

3 TeV the selected variables are mτμ, jΔϕτμj, cos θ�, and
θmiss. When choosing these variables we checked the
correlation matrices and found that no correlation was
higher than 54% on both the signal and the background, for
the two energy stages. High background rejection and good
signal efficiency are obtained for both energy schemes, as
indicated by area-under-the-ROC values close to 1.
Using the same statistical approach as the previous

section, the expected 95% CL limit for the case that no
signal is observed at an integrated luminosity of 4 ab−1 and
ffiffiffi

s
p ¼ 1.4 TeV is

BRðh → τμÞ < 1.70 × 10−4:

The equivalent expected 95% CL limit for an integrated
luminosity of 5 ab−1 at

ffiffiffi

s
p ¼ 3 TeV is

BRðh → τμÞ < 8.41 × 10−5:

The impact of background normalization uncertainties
remains below 1%, with a 5% uncertainty degrading the
expected limit by approximately 0.95% at 1.4 TeV
and 0.86% at 3 TeV. The corresponding expected 5σ
discovery reach is BRðH → τμÞ ¼ 7.36 × 10−4 at 1.4 TeV
and 4.15 × 10−4 at 3 TeV.
These results demonstrate that CLIC operation at

1.4 TeV achieves a sensitivity that is 10 times better than
that of the CMS and ATLAS experiments, while at 3 TeV

FIG. 9. (a) Distribution of the azimuthal angle difference between the two leptons, Δϕτμ, and (b) the cosine of the helicity angle of the
dilepton system τμ, for events at

ffiffiffi

s
p ¼ 3 TeV.

TABLE V. Number of generated events in signal and back-
ground samples at 1.4 TeV. The rightmost column shows the
number of expected events assuming a branching ratio of 1 for
signal, L ¼ 4 ab−1 and the values from Table I. The notation is
the same as in Table II.

Process Events Efficiency Exp. Events

ee → hνν ðh → τμÞ 9.8k 34.5% 338� 6 k
ee → ll0νν=ee → qqνν 2.0M 1.21% 61.3� 0.4 k

TABLE VI. Number of generated events in signal and back-
ground samples at 3 TeV. The rightmost column shows the
number of expected events assuming a branching ratio of 1 for
signal L ¼ 5 ab−1 and values from Table I. The notation is the
same as in Table II.

Process Events Efficiency Exp. Events

ee → hνν ðh → τμÞ 9.9k 21.1% 437� 10 k
ee → ll0νν=ee → qqνν 2.1M 0.42% 29.2� 0.3 k
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this sensitivity is a factor of around 21 times better,
see [26,27].

3. h → τe decay channel

The measurement of the LFV Higgs boson decay into an
electron and a τ in the final state faces similar challenges to
those of the previous channel due to the need to reconstruct
the τ lepton from its decay products. The steps for
reconstructing events with one electron and one τ lepton
from PFOs are detailed in this Section.
The event selection requires two reconstructed, oppo-

sitely charged leptons of different flavors (τ, e), where the
electron has an energy Ee > 8 GeV to avoid poorly
reconstructed electrons for the same reason as in the h →
eμ channel. Bremsstrahlung photons were included in the
invariant mass calculation. Additionally, at 1.4 TeV, the
cuts jΔθτej < 2.45 rad and Evis < 600 GeV were applied,
as shown in Figs. 10(a) and 10(b). At 3 TeV, the cuts
0.1 rad < jΔϕτej < 3.0 rad and cos θ� > −0.7 were used,
as shown in Figs. 11(a) and 11(b). The same criteria as the

previous channels were used to maintain high signal
efficiency. At 1.4 TeV, the most effective requirement is
on Evis, which suppresses nearly 40% of the background
arising from multibody or ISR-enhanced events, while
leaving the signal essentially unaffected. At 3 TeV, the
boosted kinematics enhance the discriminating power of
angular correlations. The cos θ� cut removes over a third of
the background by rejecting extreme backward configura-
tions, while the Δϕeτ cut trims back-to-back topologies.
After all cuts, 34.7% of the signal events remain, and the
background is reduced to 3.49% at 1.4 TeV, while 18.4% of
the signal events remain, and the background is reduced to
0.93% for the 3 TeV sample. An overview of the selection
cut results is summarized in Tables VII and VIII.
The final event selection also employs a BDT classifier

[52] utilizing the following kinematic variables: At 1.4 TeV
are mτe, jΔθτej, jΔϕτej, βτe, cos θ�, Evis, Erest and θmiss. At
3 TeV the selected variables are mτe, jΔθτej, jΔϕτej, cos θ�
and Evis. When choosing these variables we checked the
correlation matrices and made sure that no correlation was

FIG. 10. (a) Distribution of the polar angle difference between the two leptons, Δθτe, and (b) the visible energy distribution of the
events at

ffiffiffi

s
p ¼ 1.4 TeV.

FIG. 11. (a) The distribution of the azimuthal angle difference between the two leptons,Δϕτe, and (b) the cosine of the helicity angle of
the dilepton system τe, for events at

ffiffiffi

s
p ¼ 3 TeV.
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higher than 68% on both the signal and the background, for
the two energy stages. High background rejection and good
signal efficiency are obtained for both energy schemes, as
indicated by area-under-the-ROC values close to 1.
Again, using the same statistical approach as before, the

expected 95% CL limit for the case that no signal is present
at an integrated luminosity of 4 ab−1 at

ffiffiffi

s
p ¼ 1.4 TeV is

given by

BRðh → τeÞ < 1.94 × 10−4:

The equivalent expected 95% CL limit for an integrated
luminosity of 5 ab−1 at

ffiffiffi

s
p ¼ 3 TeV is

BRðh → τeÞ < 2.08 × 10−4:

The impact of background normalization uncertainties
remains small, with a 5% uncertainty degrading the
expected limit by approximately 0.34% at 1.4 TeV and
1.74% at 3 TeV. The corresponding expected 5σ discovery
reach is BRðH → eτÞ ¼ 1.02 × 10−3 at 1.4 TeV and
8.08 × 10−4 at 3 TeV.

These results demonstrate that CLIC operation at
1.4 TeV has the potential to reach a sensitivity ten times
greater than the latest results from the ATLAS and CMS
experiments [26,27], for both energy stages.

V. CONCLUSIONS

This paper presents a detailed sensitivity study on LFV
Higgs boson decays at the proposed future electron-
positron linear collider CLIC, utilizing full detector sim-
ulation and event reconstruction. These very rare decay
modes provide a unique window into physics beyond the
Standard Model, with potential connections to neutrino
mass generation, charged lepton flavor violation, and new
symmetry-breaking mechanisms. Three different final
states were explored: h → μτ, h → eτ, and h → eμ, assum-
ing CLIC center-of-mass energy stages at 1.4 TeV and
3 TeV for integrated luminosities of L ¼ 4 ab−1 and
L ¼ 5 ab−1, respectively. The expected sensitivities are
of order 10−5 for the h → eμ decay and of order 10−4–10−5

for inclusive τ channels. These studies assumed unpolar-
ized electron beams. The main limitations are the residual
electroweak backgrounds and, in the tau channels, the tau-
reconstruction efficiency and missing neutrinos. Further
improvement of the sensitivities might be achieved through
optimized multivariate and tau-reconstruction techniques,
polarized beams that are part of the current CLIC base-
line scenario and larger simulated samples. At the same
time, future studies are expected to provide a more
complete treatment of detector and background-modeling
uncertainties.
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